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Abstract 
Steel pipe lined Fe-Al intermetallic-TiB2-Al2O3 composite were prepared by centrifugal-self-propagating high 
temperature synthesis (centrifugal-SHS) process from FeTiO3, B2O3, Fe2O3 and Al as the raw materials. The standard 
Gibbs energy minimization method was used to calculate the equilibrium compositions of the reacting species. The 
effect of molar ratio of precursors and rotating speed on result product were investigated. It was shown that the 
composites layer had less porosity as higher rotating speed was applied. The phase composite and morphology were 
characterized by X-ray diffraction (XRD) and scanning electron microscope (SEM) couple with Energy dispersive X-
ray (EDX), respectively.  
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1. Introduction 
A combination of the SHS-method and centrifugation techniques (SHS-centrifugal) to produce a 
composite tube by coating a common carbon steel tube with a ceramic liner, depending on the exothermic 
reaction (Fe2O3 + 2Al ĺ Al2O3 + 2Fe + Q) and the centrifugal force. Products of these processes have 
been utilized widely as conduits for cement, oil and coal slurry [1, 2]. 
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Nomenclature 
Tad adiabatic temperature 
G  the total Gibbs energy for the system 
giq the standard molar Gibbs energy of the species i at  P and T 
ni the molar number of species i 
Pi the partial pressure of species i 
Xi the mole fraction of species i 
Ji the activity of coefficient of species i 

The centrifugal-SHS process can be used to coat thick ceramic layers in the inner surface of metallic 
pipe or cylindrical vessels, make them better performance of high resistance to corrosion abrasion, erosion 
and heat [3]. Synthesis material using SHS have characteristics of low energy consumption, short 
synthesis time, high product purity, and no environmental pollution [4].      
Titanium diboride (TiB2) is an intermetallic compound with a high melting point (~3220 K), high 
hardness (Vickers hardness 15-36 GPa), high elastic modulus (541 GPa), excellent mechanical and 
chemical properties, and it can withstand an oxidizing atmosphere up to 1850 K. This make TiB2 and its 
composite such as TiB2-SiC and TiB2-Al2O3 useful in a variety of applications including cutting tool, 
were-resistant part, and light-weight armor. Similar composites and TiB2-Al2O3 have been prepared by 
SHS, a process noted for its simplicity and feasibility of using low-cost raw materials. SHS is based on 
systems capable of reacting exothermally to form a self-sustained combustion wave [5]. 
In the present study, layer coating inside steel pipe by centrifugal-SHS technique from FeTiO3-Al-
B2O3-Fe2O3 system at different rotation speed were studied.The effect of different rotational speeds on 
the thickness, porosity and density of the coating were studied; the finding was the higher rotational 
speeds had resulted in the better coating properties.
2. Experimental  
Raw material used in the experimental were FeTiO3 (Sinrae SaKorn Co.,Ltd.), Al (Himedia, 99.7 %),  
B2O3 (Aldrich, 99 %) and Fe2O3 (Riedel-deHaen, 97.00 %) powders. The experimental setup used in this 
work is centrifugal-SHS machine and controlled speed motor as shown in Fig. 1. 
The outer and inner diameters of the steel pipe were Ø 48 and Ø 42 mm, respectively. The length of 
steel pipe was 150 mm. Rust and oil film were removed by acetone cleaning solution. The two pipe ends 
were plugged with wood-block to hold the liquid during the reaction, and adjustment speed were 1500, 
1750, 2000 and 2250 rpm. The FeTiO3, Al, B2O3 and Fe2O3 powders were weighted in a stoichiometric 
molar ratio (FeTiO3 ; Al : B2O3 : Fe2O3 = 1 : 6 : 1 : 1 ). Reactant powder were intermixed in a planetary 
ball mill (250 rpm) for 30 min and enclosed into the steel pipe, which was then installed into the 
centrifugal-SHS machine. When the centrifugal revolution speed reached the required speed, the sample 
materials were ignited with an oxygen-acetylene flame. The combustion reaction took more than 10 s, 
after 5 min the centrifuge was stopped. 
The obtained products were characterized in terms of chemical composite and microstructure by XRD 
(Philips, Cu-KĮ radiation) and SEM (JEOL JSM-5800 LV analysis with energy dispersive X-ray 
spectroscopy (EDX). 
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Fig. 1. The Schematic diagram of centrifugal-SHS machine : (1) rotation direction; (2) wood-block; (3) center rest; (4) steel pipe; (5) 
gripper; (6) controlled speed motor. 
3. Result and discussion 
3.1 Thermodynamic Analysis 
Thermodynamic were calculations for equilibrium concentration of stable species produced by SHS 
reaction were performed based on the Gibbs energy minimization method [6]. The evolution of species 
was calculated for a reducing atmosphere and as a function of temperature in the temperature range of 0-
3000qC. Calculation assume that evolved gases are ideal that they from an ideal gas mixture, and 
condensed phases are pure. The total Gibbs energy of the system can be express by the following 
equation: 
 
G = ¦ni(g iq  + RTlnPi) + ¦nig iq  + ¦ni(g iq  + RTlnxi + RTlnJi)                             (1) 
                                         gas                                 condensed      solution 
 
The synthesis of product Fe3Al-TiB2-Al2O3 composite with the centrifugal-SHS process was 
performed under the overall reaction as shown in Eq. (1).  
 
FeTiO3 + 7Al + B2O3 + Fe2O3 = Fe3Al +TiB2 + 3Al2O3 Tad = 2587.9 oC                  (2) 
 
Thermodynamic calculations were performed using computer program based on Gibbs energy 
minimization method to determine the most stable phase as a function temperature [7]. It can be seen in  
Fig. 2. that TiB2, Al2O3 and Fe-Al alloy are stable phases at the whole temperature range of 25 to 3000 oC  
 
3.2 Synthesis of (Fe-Al) – TiB2 – Al2O3 system for lining steel pipe 
Figure 3 shows the schematic represent the cross-section of the metal matrix composite (MMC) lined 
steel pipe prepared by centrifugal-SHS process. The figure shows two layers of coating and a base metal 
layer. The coating layer compound of intermetallic layer of Fe-Al and ceramic phases layer of Al2O3-
TiB2. Figure 4 shows the effect of rotation speed on morphology of the coating in which the higher 
rotation speed of 2250 rpm produced smoother and denser coating layer than that of lower rotation speed 
of 1500 rpm. Even though SHS reaction produced high exothermic heat of reaction but with fast reaction 
of about 10 s and heat sink of metal base steel pipe, ceramic phases and gas were trapped at the inner 
layer of the coating. At higher rotation speed, the centrifugal force was also higher that may result in  
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higher density phase of Fe-Al moving faster to the pipe surface and produced denser coating layer as 
shown in Fig. 5 and 6.  
 
 
 
  
 
 
 
 
 
 
Fig. 2. Equilibrium composition of Fe3Al-TiB2-Al2O3 system
 
 
 
 
  
 
 
 
 
 
 
Fig. 3. Cross section of the ceramic-lined composite pipe: (1) base metal, (2) Fe2O3 layer and (3) TiB2+Al2O3 layer 
 
          
          (a)        (b) 
Fig. 4. Coating layer of steel pipe at different rotation speed of (a) 1500 rpm, (b) 2250 rpm 
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Fig. 5. Microstructure cross-section of ceramic line pipe rotation speed 1500 rpm ; A : Base metal, B: MMC 
 
 
 
 
 
Fig. 6. Microstructure cross-section of ceramic line pipe rotation speed 2000 rpm ; A : Base metal, B: MMC
Figure 7 shows the XRD pattern of coating layer that can be identified as Fe3Al-TiB2-Al2O3 
composite. The XRD data show that the main components obtained from the production are Al2O3, TiB2 
and Fe3Al and there are also formations of Fe2B and Ti2O3, and intermetallic alloy of FexAly.  
Figure 8 shows the EDX  pattern of the cross-section of coating layer. It found that the coating layer  
composed of the elements Al, O, Fe, Ti as major elements and trace element of Si, C and Mn which 
originated from mineral of ilmenite.   
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Fig. 7. X-ray diffraction patterns of FeTiO3-Al-B2O3-Fe2O3 composite 
 
 
 
 
 
Fig. 8. EDX spectrum of cross-section coating layer. 
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4. Conclusions  
Steel pipe lined Fe3Al-TiB2-Al2O3 composite was successfully produced by centrifugal-SHS process 
from the precursor of FeTiO3, B2O3, Fe2O3 and Al. At high rotation speed, denser and smoother coating 
layer was obtained. Because of high quenching rate, there is still has some ceramic phases trapped in the 
intermetallic layer of the coating. 
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